A 3-D unsteady thin-layer Navier-Stokes code has been used to calculate the flow through a centrifugal compressor stage. The validation of the code for steady flows in centrifugal compressors was conducted for the Krain's impeller with a vaneless diffuser as a test case and the numerical results were compared with the experimental results. The predicted flow field and performance agreed well with the experimental data. An unsteady stage solution was then conducted with this impeller followed by a generic low-solidity vaned-diffuser to examine the unsteady effects on the impeller performance. The computational results showed a stabilising effect of the blade row interaction.
INTRODUCTION
Centrifugal compressors are characterised by their pressure generation mechanism due to the centrifugal effect. The meridional bend in addition to the circumferential bend of the impeller passages produces a highly three-dimensional flow pattern and it usually produces the well-known jet-wake flow structure at the exit of impeller. The pioneering attempt by Eckardt (1976) , applying the laser anemometry for the measurement of flow through the impeller passage, clearly confirmed the generation of the wake region. More detailed flow field information was experimentally obtained by Krain (1988) with a 30 backsweep impeller. A common feature observed in the experiments is that flows at impeller exit are highly non-uniform. If the flow field concerned is the one through the centrifugal compressor stage with vaned diffuser, this distorted flow discharged from the impeller is expected to cause a strong interaction with diffuser vanes especially when the blade rows are placed relatively close to each other. Dawes (1995) suggested that highly distorted flow emerging from the impeller did not mix-out before arriving at the diffuser vane's entry zone as normally assumed in conventional design methods. This tendency was also recognised by Takemura and Goto (1996) with their experiment of a low specific speed pump stage, suggesting the necessity of taking into account the This paper was originally presented at ISROMAC-7.
Corresponding author. Fax.: (+44) 191-374-2550. E-mail: Li.He@durham.ac.uk. 136 K. SATO AND L. HE downstream diffuser potential flow effects. They also reported that the interaction was intensified as the mass flow rate was decreased. Many researchers suggested the probability of the flow separation through the vaneless diffuser region when a centrifugal impeller was operated alone (Hathaway et al., 1992; Hirsch et al., 1996; Takemura and Goto, 1996) . Tlfis kind of flow separation not only causes discrepancies in predicted performances between numerical simulations of isolated impellers and experiments at a design condition but also may lead the numerical simulations to be prematurely unstable at low mass-flow off design conditions.
In this paper, a 3-D unsteady thin-layer NavierStokes solver was used to study the downstream unsteady potential flow effect on impeller performances. The Krain's backswept impeller was used as the test case. Firstly, for validation purposes, calculations with the impeller in isolation were carried out, and the calculated results were compared with the Krain's experiment. On this basis, a stage calculation was conducted using the same impeller combined with low-solidity diffuser vanes to examine the blade row interaction effect on the impeller performance.
METHOD
The code "TF3D" used in the simulations was developed by He (1996a) for multiple stage simulations of steady and unsteady flows in axial and radial turbomachinery. The flow governing equations used in this code are the 3-D unsteady compressible thin-layer Navier-Stokes equations in an absolute cylindrical co-ordinate system. (Jameson, 1981) is used in all directions.
A time-consistent multiple-grid method was adopted to accelerate the convergence. While overcoming the restriction of the allowable time scale for the explicit scheme by using a complementary coarse mesh, several levels of intermediate meshes were also introduced to improve the time accuracy. The formulation of M levels time-consistent multiple-grid methods is given as (He, 1996b) At the inlet, the total pressure, total temperature and absolute flow angle are specified. At the exit, a constant static pressure is specified and other variables are extrapolated from the interior domain. The hub wall and the shroud wall are moving with the impeller while the endwall upstream and downstream of the impeller is stationary. This boundary condition assumes the impeller being shrouded in order to avoid the singularity points between the shroud and blade walls for the zero tip-clearance cases. For the calculation with tip gap, the same end wall boundary treatment was used.
RESULTS OF SINGLE ROW CALCULATIONS
Krain's impeller combined with vaneless diffuser was chosen as a test case for the validations of the code. Series of experiments were conducted with this impeller by Krain and several published reports were available in both empirical and numerical simulation results (Krain, 1988; Hah and Krain, 1990; Hirsch et al., 1996) . Extensive laser anemometry measurements were performed within this impeller passage, and detailed information of flow including the jet-wake structure was obtained. This impeller has 24 full blades with 30 backward sweep, and was designed to accommodate a mass flow rate of 4.0 kg/s at a shaft speed of 22,360 rpm.
The maximum achieved total pressure ratio was about 4.5, and isentropic stage efficiency was about 84%. Reduced blade loading owing to the backsweep resulted in a comparably smooth exit velocity profile in the pitchwise direction and a high distorted profile similar to the classical jet-wake pattern was not seen with this impeller.
Initially, a structured H-mesh that consisted of 36 x 40 x 95 points (pitchwise, spanwise and meridional direction respectively) was used for steady single low calculations. Tip gap height was taken at 1.0% of blade height throughout the impeller and four grid points were allocated in the tip gap. At the same time, a comparably coarse mesh that consisted of 26 x 30 x 95 points (two points are allocated in the tip gap) was also used to assess the mesh dependency. In Krain's experiment, laser anemometry measurement was conducted at 6 measurement sections (0%, 20%, 40%, 60%, 80% and 100.4% of the chord shown in Fig. 1 ) in quasi-orthogonal planes to the casing wall, and these results were published in the papers of Krain (1988) and Hah and Krain (1990) . In order to compare the calculation results with experiments directly, the meshes used in the calculation were fabricated so that the sections of the laser anemometry measurement corresponded to one of the quasi-orthogonal plane on the mesh. The design point of this impeller is located close to the surge line in terms of the pressure rise. Thus, the calculation was subject to a numerical surge of the impeller, which normally resulted in a failure of calculation. To attain the target mass flow rate, firstly a comparably low exit static pressure where the flow is stable was specified to avoid the surge and then the exit static pressure was carefully adjusted until the correct mass flow was attained. The calculations were conducted with both the fine and coarse meshes. The flow structure and the performance were compared at the design point. The solutions given by both fine and coarse meshes showed almost identical performance and flow structure at the design mass flow rate (Fig. 2 ).
Other variables were also checked and it was concluded that the difference was negligible. Calculations for other conditions, presented below, were conducted with the coarse mesh. The performance map given for this impeller is shown in Fig. 3 . The figures are for stagnation pressure ratios versus mass flow rate and isentropic efficiency versus mass flow. It must be pointed out that both the pressure ratio and impeller efficiency changed considerably depending on the measurement plane downstream of the impeller trailing edge since the generation of loss in the vaneless diffuser region is significant. ,'I //f_ , t trailing edge radius away from the impeller trailing edge). The predicted pressure ratio and polytropic efficiency tended to be higher in higher mass flow rates than in the experiment. The pressure ratio without tip clearance was shown to be higher but the difference was small. Overall, the tendency was reasonably predicted. Circumferentially averaged static pressure on the shroud wall is shown in Fig. 4 in terms of the nondimensional meridional distance from the impeller leading edge. The predicted static pressure is in good agreement with the experimental result. Sudden change of the pressure gradient immediately after the impeller trailing edge suggests flow separation.
Figures 5 and 6 show the meridional velocity profile and the contours of the pitchwise flow angle respectively at the design point at six measurement sections. In Sections and 2, the agreement between the predicted and experimental results was excellent. A low-momentum fluid region was gradually created near tip-pressure surface in Section 3, and it was reproduced in the present calculation, Non-dimensional distance FIGURE the load of the exducer part of the impeller, thus the classical jet-wake flow was not observed. Instead, a low-momentum fluid region spread over the middle passage. This nature was predicted well in Section 6.
In order to estimate the influence of the tip leakage flow, calculations with no tip gap and 3% tip gap were conducted, as shown in Fig. 7 . Considerable effect of the tip leakage flow was observed. The wake was always located closer to the suction side, without tip gap, indicating the convection of wake by tip leakage flow when the tip gap exists. relative location between the rotor and the stator is the same as that shown in Fig. 11 . As far as the velocity inside the impeller is concerned, it is observed that the temporal fluctuations are small. Figure 11 shows Fig. 3 . Therefore the downstream unsteady interactions do seem to have a stabilising effect on the operation of the impeller blade row. Nevertheless, it is noted that although a converged solution could be achieved at a lower mass flow rate, the impeller stagnation pressure ratio and efficiency are both underpredicted in the stage case. This may well be attributed to the short-scale hub separation.
RESULTS OF STAGE CALCULATIONS

CONCLUSIONS
The simulations of single row and stage centrifugal compressors were conducted using a 3-D thin-layer Navier-Stokes solver. 
